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A systematic investigation on the effects of growth temperature, Ga flux, and Sb flux on the
incorporation of Sb, film structure, and optical properties of the GaN1xSbx highly mismatched
alloys (HMAs) was carried out. We found that the direct bandgap ranging from 3.4 eV to below
1.0 eV for the alloys grown at low temperature. At the growth temperature of 80 C, GaN1xSbx
with x> 6% losses crystallinity and becomes primarily amorphous with small crystallites of
2–5 nm. Despite the range of microstructures found for GaN1xSbx alloys with different
composition, a well-developed absorption edge shifts from 3.4 eV (GaN) to close to 2 eV for sam-
ples with a small amount, less than 10% of Sb. Luminescence from dilute GaN1xSbx alloys grown
at high temperature and the bandgap energy for alloys with higher Sb content are consistent with a
localized substitutional Sb level ESb at 1.1 eV above the valence band of GaN. The decrease in
the bandgap of GaN1xSbx HMAs is consistent with the formation of a Sb-derived band due to the
anticrossing interaction of the Sb states with the valence band of GaN. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896364]
I. INTRODUCTION
We have recently suggested that group III-nitride highly
mismatched alloys (HMAs) have electronic and optical prop-
erties suitable for photoelectrodes for the direct conversion
of sunlight into hydrogen by photoelectrochemical (PEC)
water-splitting.1,2 HMAs are a new class of compound semi-
conductor alloys in which the anions are partially replaced
by elements with very different electronegativity and/or
atomic size (e.g., N in GaAs or As in GaN).3 Due to the large
mismatch of the component materials, the synthesis of
HMAs is difficult and requires non-equilibrium growth con-
ditions. However, it has been shown that substituting a very
small fraction of the anions can result in a strong modifica-
tion of the electronic band structure of the conduction or the
valence band. The band structure modifications are well
described by the Band Anticrossing (BAC) model, which
considers the interaction between localized states of the mi-
nority anions and the extended states of the host com-
pound.3–5 The dispersion relations of the modified
conduction or valence band are given by the solutions of the
BAC equation,3–5
E6 kð Þ ¼
1
2
Ed þ E kð Þð Þ6
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; (1)
where Ed is the energy of localized impurity level, E(k) is the
matrix conduction or valence band dispersion, C is the cou-
pling constant, and x is the impurity composition.
Substitution of a more (less) electronegative anion species,
e.g., N in GaAs or GaSb (As or Sb in GaN) results in the
introduction of localized levels close to the conduction (va-
lence) band. Interactions of these localized states with the
extended conduction (valence) band states strongly modified
the conduction (valence) band resulting in splitting the band
into two sub-bands, E and Eþ.
The large changes in the conduction or valence band
structure provide a unique means to tailor the properties of
HMAs to specific device applications. Notable examples of
HMAs that have been explored in recent years include dilute
N As-rich4–8 and dilute As N-rich GaN1xAsx (Refs. 9, 10,
and 11) as well as dilute O Te-rich ZnOxTe1x.
12 In the case
of N-rich GaN1xAsx and GaN1xSbx alloys, the BAC inter-
action of localized As and Sb states with the valence band of
GaN results in a large upward shift of the highest valence
band edge and a rapid reduction of the band gap of the result-
ing alloys.11,13
Recently, we overcame the miscibility gap of GaAs and
GaN alloys and synthesized GaN1xAsx alloys over the
whole composition range on sapphire and glass substrates
using low temperature molecular beam epitaxy (LT-
MBE).2,14,15 We found that the alloys are amorphous in the
composition range of 0.17< x< 0.75 and crystalline outside
this region. The amorphous films have a smooth morphol-
ogy, homogeneous composition, and sharp, well defined op-
tical absorption edges. The bandgap energy varies in a broad
energy range from 3.4 eV in GaN to 0.8 eV at x 0.85
and was found to be in good agreement with predictions
from the BAC model.
Since the anion mismatch is even larger between Sb and
N, BAC calculations on the electronic band structure of the
GaN1xSbx alloys predict that less than 6% of Sb is needed
to achieve an alloy with a bandgap 2.2 eV with the conduc-
tion band minimum (CBM) and the valence band maximum
(VBM) still straddling the water redox potentials. Hence,
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GaN1xSbx HMAs could be suitable as photoelectrodes for
photoelectrochemical water splitting applications.16
Previously, we reported the synthesis of GaN1xSbx HMAs
using low temperature plasma assisted molecular beam epi-
taxy (LT-PAMBE). We demonstrated that the fundamental
band gap, as well as the energies of the CBM and VBM, can
be controlled with the alloy composition in
GaN1xSbx.
2,17,18 At a growth temperature of 80 C, the
films with x> 0.06 lose crystallinity and become primarily
amorphous with small crystallites of 2–5 nm in size. Despite
the range of microstructures found for GaN1xSbx alloys
with different composition, a well-developed optical absorp-
tion edge shifts from 3.4 eV (GaN) to close to 2.4 eV for
samples with a small amount of Sb, x. In this work, we pres-
ent a systematic investigation of the growth and properties of
GaN1xSbx alloys under different growth conditions using
PAMBE.
II. EXPERIMENTAL DETAILS
In order to incorporate substantial amounts of Sb into
GaN, we grew N-rich dilute Sb samples on (0001) sapphire
substrates by plasma-assisted MBE in a MOD-GENII system
at thermocouple temperatures ranging from 80 C to 600 C,
significantly below the normal MBE nitride substrate growth
temperature of 800 C. In MBE, the substrate temperature
is normally measured using an optical pyrometer, however,
because we have used uncoated transparent sapphire wafers,
the pyrometer measures the temperature of the substrate
heater, not that of the substrate. Therefore, in this study, our
estimates of the growth temperature are based on readings of
a thermocouple in contact with the substrate. A HD-25
Oxford Applied Research RF activated plasma source is used
to provide active nitrogen. In this work, a constant N flux
(total N beam equivalent pressure (BEP) 1.5 105Torr
with RF power 200W) was maintained for all growths.
Elemental Ga and Sb are used as the group III- and group V
metal sources. The surface reconstruction is monitored with
reflection high-energy electron diffraction (RHEED).
Prior to the growth of the GaN1xSbx layers, the sap-
phire wafers were annealed in 700 C for 20min. After
annealing, the substrate was cooled down to the growth tem-
perature over a 20min period under a reduced active nitro-
gen flux and growth was initiated by simultaneous opening
of the Ga and N shutters. The Sb shutter was opened after a
1min delay in order to avoid the deposition of any Sb on the
sapphire surface before GaN growth. The growth time was
kept constant at 2 h for all layers. In our previous studies on
GaN1xBix, we established that, in order to incorporate a sig-
nificant amount of Bi into GaN, the MBE growth tempera-
ture needs to be very low.19 In the present study, we also
investigate the effects of substrate temperatures on the struc-
tural and optical properties of GaN1xSbx. The samples were
categorized into two groups: (1) high temperature growth
Tg> 500
C where incorporation of Sb is limited to <1%;
and (2) low temperature growth with Tg in the range of 80 to
500 C where incorporation of Sb is larger than >1%.
Moreover, to study the effects of the material stoichiometry
we also vary the Ga flux (BEP from 1.5 107 to 3 107
T). Crystallinity of the grown layers was studied in situ using
RHEED and ex situ using x-ray diffraction (XRD). The con-
centration of Sb in GaN1xSbx layers was measured using
Rutherford backscattering spectrometry (RBS) with a
3.04MeV Heþþ beam, secondary ion mass spectrometry
(SIMS) using Cameca IMS-3F and IMS-4F systems, and by
electron probe microanalysis (EPMA) using a Cameca
SX100 apparatus. The EPMA also provides a platform for
cathodoluminescence (CL) spectroscopy and mapping. The
microstructural morphology of the alloys was examined with
transmission electron microscopy (TEM). Microscopic crys-
tallinity and phase separation were studied by directly com-
paring the selected area electron diffraction patterns (SAD)
and high resolution microscopy. The band gap of the thin
films was measured by optical transmission and reflection
using a Perkin Elmer Lambda 950 Spectrophotometer over
the wavelength range of 190–3000 nm.
III. RESULTS AND DISCUSSION
A. Effect of substrate temperature
It is known that in MBE the As solubility limit in
GaN1xAsx alloys increases with decreasing growth temper-
ature.2,14,20 Previously, we found that growth of GaN1xAsx
with x> 0.02 under Ga-rich growth conditions and at rela-
tively high temperatures of 600 C results in phase separa-
tion into N-rich and As-rich phases.2 Since Sb and N are
even more mismatched in size and electronegativity than As
and N, we expect that the incorporation of Sb in the N sublat-
tice will be even more challenging. Figure 1 shows the
Sb content in GaN1xSbx films as a function of growth tem-
perature Tg under both N-rich (Ga BEP 1.6 10
7 T,
Sb 9 108 T) and Ga-rich (Ga BEP 2.2 107 T, Sb
BEP 3 108 T) conditions. We observe that at constant
Sb BEP, the Sb content is rather insensitive to the growth
FIG. 1. Mole percent of Sb incorporated in GaN films as a function of
growth temperature under both N-rich (Ga BEP 1.5  107 T) and Ga-
rich (Ga BEP 2.2  107 T) conditions. The dependence of As content in
GaN1xAsx on growth temperature under N-rich condition is also shown for
comparison.
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temperature over the large temperature range
60 C<Tg< 400
C. This is particularly true for films grown
under the Ga-rich condition. Note that the samples grown
under N-rich conditions have a 3 times higher Sb BEP that
results in 3–4 times higher Sb content in the films. At
Tg> 500
C, the decrease in Sb content with increasing Tg is
even more pronounced when the films were grown under
Ga-rich conditions. For example, at Tg 600
C,
only 0.04% of Sb was incorporated. These results can be
contrasted with the growth of GaN1xAsx HMAs that, as
shown in Fig. 1, exhibits a stronger effect of temperature on
the As content for Tg< 400
C.2
B. High temperature growth
According to the BAC model, the electronic structure of
GaN1xSbx alloys is determined by interactions between
localized states of Sb and the extended states of the GaN
host matrix. The approximate location of the Sb level in
GaN can be deduced from its known position at 1.0 eV below
the VBM of GaAs.13 Considering that the valence band edge
offset between GaAs and GaN equals 2 eV, this places the
Sb level at about 1 eV above the VBM of GaN. To better
locate the position of the Sb level in GaN, we have grown a
series of epitaxial GaN:Sb samples with <0.1% Sb at rela-
tively high growth temperature of 600 C.
1. Structural properties
Ion channeling measurements showed that GaN films
grown at 600 C are single crystalline with a channeling yield
vmin 0.04. With the incorporation of only 0.04%
(1.8 1019/cm3) of Sb, vmin increases to 0.18, suggesting that
small amount of Sb atoms strongly disrupt the crystallinity of
the GaN lattice. Figure 2 shows the microstructures of the films
grown at 600 C both (a) undoped and (b) Sb doped
(0.04%) under Ga-rich condition (Ga BEP 2.3 107 T).
For the undoped GaN film, we observe a regular columnar
structure. The high resolution image shows that this undoped
layer has good crystallinity with a higher density of defects
close to the GaN/sapphire interface. In contrast, the film grown
with only 0.04% of Sb shows a non-columnar structure with
high dislocation density. These microstructures are consistent
with the observed high ion channeling yield of0.18.
The incorporation of Sb in GaN at Tg 600
C with
increasing Sb BEP under Ga-rich (BEP 2.3 107 T) and
N-rich (BEP 1.5 107 T) growth conditions is shown in
Fig. 3. Over an order of magnitude higher Sb incorporation
is observed for the N-rich growth condition. However, as
seen in Fig. 3, for both Ga-rich and N-rich cases increasing
Sb flux has very small effect on the total Sb content in the
films. This can be understood by a low solubility limit of Sb
in GaN with the excess Sb segregating to the surface and
desorbing during the growth at this relatively high tempera-
ture of 600 C. Hence, at Tg 600
C, 0.7% of Sb can be
incorporated in GaN under N-rich condition but only
0.04% of Sb under Ga-rich condition.
2. Optical properties
Room temperature CL measurements were carried out on
Sb doped GaN samples with dilute amount of Sb (<1%) grown
at 600 C. A broad luminescence at 2.0–2.5 eV with peak inten-
sity at 2.2 eV is observed for films with small amount of Sb.
Fig. 4 shows a comparison of two CL spectra of GaN with no
Sb and with 0.04% Sb grown at 600 C under similar Ga
flux. Note that only the band edge luminescence of 3.4 eV is
observed for the sample without Sb. This suggests that the
broad CL peak can be attributed to incorporation of the Sb. Wu
et al.11 have shown that the composition dependence of the
bandgap in GaNAs alloys can be explained by the BAC model
with the localized As level EAs 0.62 eV above the VBM of
FIG. 2. TEM images of a (a) GaN film
and a (b) GaNSb film with 0.04% Sb
grown at 600 C under Ga-rich con-
dition (Ga BEP 2.3 107 T).
Selected area electron diffraction pat-
terns are also shown in the insets of the
corresponding figures.
FIG. 3. Sb incorporation as a function of Sb BEP for films grown at
600 C under N-rich and Ga-rich conditions.
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GaN. Photoluminescence measurements on As doped GaN by
Foxon et al. showed a broad luminescence from 2.23 to 2.9 eV
with peak intensity at 2.65 eV.9 Considering a likely 0.1 eV
Stokes shift in the PL peak, this places the EAs 0.65 eV, in
good agreement with the value obtained by Wu et al. Since the
electronegativity difference between Sb and N is larger than
between As and N, it is expected that Sb-derived localized lev-
els lie higher above the valence band edge than that the As lev-
els. Again, assuming the Stokes shift of 0.1 eV places the Sb
level at ESb 1.1 eV above the VBM of GaN. This is in a good
agreement with the value extrapolated from the position of the
Sb level at 0.9 eV below the VBM in GaAs.13 However, it is
important to note that the CL peak at 2.2 eV coincides with the
commonly observed “yellow” luminescence in GaN that has
been attributed to native defects or defect complexes. Since
incorporation of Sb affects the crystalline quality of the films,
it is therefore possible that Sb levels and native defects contrib-
ute to the observed CL. The nature of this CL peak will be dis-
cussed later in this paper together with our optical absorption
results for GaN1xAsx alloys grown at lower temperature with
higher Sb contents.
C. Low temperature growth (80–500 C)
1. Effect of growth temperature on the microstructure
At low growth temperatures, the Sb incorporation in
GaN1xSbx is greatly enhanced. As shown in Fig. 1, the Sb
content increases with decreasing temperature and tends to
saturate at 300 C for N-rich and 500 C for Ga-rich
growth. In contrast, in the case of As in GaN1xAsx, lower-
ing the growth temperature monotonically increases the As
content in the film down to the lowest temperature of 100 C.
It has been previously reported that due to the strong
ionic nature of GaN, a c-axis oriented polycrystalline hexag-
onal GaN phase dominates even at the lowest growth tem-
perature of 80 C.2,17,18 TEM investigations reveal that GaN
films grown at 80 C are columnar, with average column
widths of 10 nm near the sapphire interface and 14 nm near
the surface. The SAD pattern shows clear polycrystalline
rings. The intensity of the XRD (0002) peak decreases as
more Sb is incorporated into the lattice by increasing the Sb
flux. At the growth temperature of 80 C, the samples
become less crystalline with increasing Sb content and even-
tually become entirely amorphous with 6% of Sb. High re-
solution TEM investigations reveal that the columnar
structure that was observed in samples with low Sb content
is completely absent for films with higher Sb (>6%). Films
with >6% of Sb exhibits a primarily amorphous structure
with small 2–5 nm inclusions of crystalline grains. From
the thickness measured by cross-sectional TEM and the areal
density from RBS, we calculated the density of the amor-
phous GaN1xSbx film with 6% Sb to be 84% of the cor-
responding crystalline phase.
Figure 5 shows XRD patterns of GaN1xSbx sample
grown at different substrate temperatures with similar Ga
and Sb BEP and with Sb content of 4%–5%. At this Sb
content, films grown below 100 C are entirely amorphous.
At Tg 135
C, the film becomes partially crystalline as evi-
denced by the weak and broad (0002) diffraction peak. This
diffraction peak is most likely coming from small crystalline
grains within the amorphous matrix. At higher growth tem-
peratures, the (0002) peak intensity increases, indicating that
a larger fraction of the film is crystalline with larger grain
sizes. At the even higher growth temperature of 470 C, the
(0002) diffraction peak becomes strong, suggesting growth
of a fully crystalline film that is preferentially oriented to the
growth direction of the substrate. However, at higher Sb con-
tent of 7%, the films remain amorphous even at the growth
temperature as high as 285 C. Phase separation occurs at the
high growth temperature of 470 C when the Sb content
increases to x> 0.06 with a clearly visible (210) zinc blende
GaSb peak at 2h 32.6 as shown in the inset of Fig. 5.
Cross sectional TEM images and SAD patterns for sam-
ples grown at (a) 80 C, (b) 195 C, and (c) 470 C with similar
Ga and Sb fluxes and with Sb content in the range of 4%–6%
FIG. 4. Cathodoluminescence spectra of GaN thin films grown at 600 C
with Sb BEP 0 and 3.2  108 T, respectively. The sample grown with Sb
flux has a Sb content of 0.04%.
FIG. 5. XRD patterns of GaN1xSbx sample grown at different substrate
temperature with similar Ga and Sb BEP with Sb content 4%–5.0%. The
inset shows XRD pattern from a sample grown at 470 C with a higher Sb
content of 6%.
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are shown in Fig. 6. At the low growth temperature of 80 C,
the sample with 6.2% Sb appears to be entirely amorphous.
The columnar structure that was observed in the sample with
lower Sb content is completely absent in this film. The diffuse
rings in the SAD pattern shown in Fig. 6(a) confirm that the
film is primarily amorphous, in good agreement with the XRD
results. The microstructure of the film with 6.2% Sb grown at
195 C shown in Fig. 6(b) reveals that the film has both crystal-
line grains of 5 nm size and amorphous regions. SAD pat-
terns also show crystalline diffraction rings indicating
polycrystalline grains as well as an amorphous ring. These
results are consistent with the XRD pattern of the sample
showing only a weak (0002) GaNSb diffraction peak. At the
high growth temperature of 470 C, both the TEM image and
the SAD pattern indicate a polycrystalline film.
2. Effect of Ga and Sb flux
Sb incorporation and the overall III:V ([Ga]/
([N]þ [Sb])) ratio depends quite strongly on the Ga flux dur-
ing growth, particularly at low growth temperature. Fig. 7
shows the Ga flux dependence on the Sb concentration in
mol.% and the III/V atomic ratio, [Ga]/([Sb]þ [N]) of
GaN1xSbx films grown at substrate temperature of 80
C at
a fixed Sb BEP of 3.2 108 T. As is seen in Fig. 7, increas-
ing Ga flux at a fixed Sb flux results in decreased Sb incorpo-
ration and a corresponding increase in the III/V ratio of the
film. Under these growth conditions, stoichiometric III:V
material with Sb mole fractions of x 0.05 can be obtained
with a Ga flux of 2 107Torr.
Figures 8(a) and 8(b) show the Sb incorporation and III:V
ratio for GaN1xSbx films grown at a substrate temperature of
80 C with increasing Sb BEP under N-rich (Ga BEP 1.6
 107Torr) and Ga-rich (Ga BEP 2.2 107Torr) condi-
tions, respectively. Note that at the low growth temperature
Tg 80
C, the incorporation of Sb increases linearly with Sb
BEP independent of the Ga BEP. Under the Ga-rich growth con-
dition, GaN1xSbx films with III:V ratio of unity can be obtained
with Sb BEP up to 8 108Torr with up to 10mol.% Sb.
However, under N-rich growth condition, stoichiometric films
can be obtained only for Sb BEP 2 108Torr, giving rise to
4mol.% of Sb in the film. This suggests that Ga-rich growth
conditions are required to incorporate high concentrations of Sb
into GaN1xSbx while still maintaining a good film stoichiome-
try. However, for low Sb flux, a Ga-rich growth may also favor
the incorporation of Ga antisites NGa. Such NGa antisites may
introduce deep levels within the gap.
3. Optical properties of GaN12xSbx
The absorption coefficient a of GaN1xSbx films was
measured using transmission and reflection measurements.
Figure 9(b) shows a for GaN1xSbx films with increasing Sb
FIG. 6. Cross section TEM images and SAD patterns of samples grown at (a) 80 C, (b) 195 C, and (c) 470 C grown with similar Ga and Sb flux with Sb con-
tent in the range of 4%–6%.
FIG. 7. Concentrations of Sb in mol.% together with the III/V atomic ratio,
[Ga]/([Sb]þ [N]) of the films grown at substrate temperature of 80 C at a
fixed Sb BEP of 3.2  108 T with increasing Ga flux.
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content grown at 80 C under N-rich growth condition. The
inset of Fig. 9(b) shows the band structure of a GaN0.95Sb0.05
alloy calculated using the BAC model with ESb at 1.1 eV
above the VBM of GaN and a coupling parameter CGaN-Sb of
1.4 eV. A monotonic increase of the sub-bandgap optical
absorption starting with photon energies of less than 2 eV is
observed with increasing Sb content. As illustrated in the
inset of Fig. 9(b), this absorption can be attributed to optical
transitions from the Sb-derived band (Eþ) to the conduction
band. It is very weak at low Sb concentrations but starts to
dominate when the Sb content reaches a few mol.%. Note
that although the film becomes amorphous for x> 0.07, the
optical absorption shows a well-developed, relatively sharp
absorption edge. In contrast, a GaN1xSbx (x¼ 0.062) film
grown under Ga-rich conditions (Ga BEP> 2.2 107 T)
exhibits a strong absorption at energy as low as 1 eV. It
appears that the strong low energy absorption for Ga-rich
grown films has a different origin. We believe that it may
arise from non-stoichiometric defects forming a midgap
defect band. Hall effect and thermopower measurements
show that samples grown under the Ga-rich condition are
p-type, indicating that these excess Ga-related defects are
acceptors.
Because of the complex, composition-dependent va-
lence band structure, the standard method to determine the
band gap using a linear fit to a2 as a function of photon
energy cannot be applied at low Sb levels. Here, we adopted
the fitting procedure used by Mayer et al. to evaluate the
absorption coefficient in ZnO1xSex HMA alloys.
21 We con-
sider optical transitions from three valence bands: the Sb
derived impurity band to conduction band (Eþ), Sb spin orbit
split band to conduction band (ESOþ ), and the GaN matrix-
like band to conduction band (E). Also, to account for
broadening in the bands inherent to the BAC model and aris-
ing from localized composition fluctuations, we convolve the
energy dependent joint optical density of states with a
Gaussian function at each k value. The expression for the
total absorption coefficient a can be expressed as the sum of
optical absorptions to the conduction band from three va-
lence bands (gþ, gþ,SO, and g),
a hxð Þ ¼ a0
2
3
gþ hxð Þ þ
1
3
gþ;SO hxð Þ þ g hxð Þ
 
; (2)
where the transitions are weighted with the degeneracy fac-
tors and a0 is a scaling constant.
Good agreement with the experiment is obtained by a
single set of the VBAC parameters: the coupling constant,
CGaN-Sb¼ 1.4 eV and the localized Sb level, ESb¼ 1.1 eV
above the valence band. As discussed above, this value is in
good agreement with ESb estimated from the CL peak
observed in high temperature grown Sb doped GaN materials
shown in Fig. 4 and from the extrapolation of the ESb value
from GaAsSb.13 An example of the fitting is shown in Fig.
9(a) for a sample with x¼ 0.144. Bandgap energies obtained
by fitting experimental absorption coefficient using these
FIG. 8. Concentrations of Sb in mol.%
together with the III/V atomic ratio,
[Ga]/([Sb]þ [N]) of the films grown at
substrate temperature of 80 C with
increasing Sb flux for (a) N-rich (Ga
BEP 1.6  107 T), and (b) Ga-rich
(Ga BEP 2.2  107 T) conditions.
FIG. 9. (a) Absorption coefficient, a
for the GaN1xSbx film x¼ 0.144
(circles) and the theoretical fit calcu-
lated according to Eq. (1) showing
contributions of the absorption coeffi-
cient from the three valence bands. (b)
a for GaN1xSbx films with increasing
Sb content grown at 80 C under N-
rich growth condition. The inset shows
the band structure of a GaN0.95Sb0.05
alloy calculated using the BAC model
with ESb at 1.1 eV above the VBM of
GaN and a coupling parameter CGaN-Sb
of 1.4 eV.
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parameters for GaN1xSbx films grown under N-rich condi-
tions at a temperature range of 80–470 C are shown in Fig.
10. Bandgap energies for GaSb-rich alloys with up to 1% of
N were taken from Jefferson et al.22 and Veal et al.23 A large
drop of the absorption edge energy (from 3.4 to 2.5 eV) is
already observed for films with only a small amount of Sb
(3%). Since the conduction band edge of GaSb is only
0.3 eV lower than that of GaN, the change in the band gap
of the GaN1xSbx alloys comes primarily from the modifica-
tion of valence band.
The dependence of the fundamental band of GaN1xSbx
in the whole composition range was calculated using the
BAC model with the interpolation procedure proposed by
Wu et al.11 and the results are shown as the dashed line in
Fig. 10. In this calculation, the values of ESb¼ 1.1 eV and
CGaN-Sb¼ 1.4 eV obtained from fitting the absorption coeffi-
cient are used for valence band anticrossing on the GaN-rich
side, while EN¼ 0.4 eV above the GaSb CBM and CGaSb-
N¼ 2.7 eV are used for the conduction band anticrossing on
the GaSb-rich side.22 In the case of GaN1xAsx HMAs, the
As energy level in GaN EAs and the coupling parameter
CGaN-As have been estimated to be 0.62 eV above the VBM
of GaN and 0.75 eV, respectively.11 Given the larger mis-
match between Sb and N, the larger values of ESb and CGaN-
Sb are reasonable. The advantage of the BAC model is that it
separately calculates the energy of the CBM and the VBM
on the absolute scale. The corresponding CBM and VBM
(Eþ) calculated using the BAC model as a function GaSb
mole fraction are shown in the inset of Fig. 10. It should be
noted that the strong decrease in the bandgap of dilute Sb
alloys is attributed to the large upward shift of the VBM.
Also, as is seen in Fig. 10 the CBM and VBM of GaN1xSbx
with x 0.15 still straddle the redox potentials for pH¼ 2
(indicated as dashed lines). At this composition Eg 1.8 eV,
making this alloy a favorable candidate as a photoelectrode
for spontaneous PEC water splitting.
Fig. 10 shows that the calculated bandgap dependence
on composition is in very good agreement with the experi-
mental values, especially for Sb contents <30%. For samples
with Sb content >30%, the calculated values are consistently
smaller than the experimental values. This can be attributed
to the fact that RBS measures the total Sb concentration that
may be higher than the actual amount of Sb substituting the
N site and contributing to the modification of the band struc-
ture of the alloy. This difference is expected to be more
severe for high Sb contents. We note that the BAC model is
a phenomenological model developed for the substitution of
dilute amount of mismatched anions. The calculated bandgap
shown in Fig. 10 is a composition weighted interpolation of
the BAC model and thus is expected to be less accurate for
the alloys in the middle range of compositions. Furthermore,
since the model is developed for crystalline materials, devia-
tion of the experimental results from the BAC calculations
found for the amorphous alloys with high Sb content is not
unexpected.
Figure 11 shows a schematic of the band offsets of GaN,
GaAs, and GaSb with the positions of EAs in GaN, ESb in
GaAs, and GaN and EN in GaSb and GaAs. We adopt the
electron affinities and bandgaps of the various materials
from the collections in the website http://www.ioffe.ru/SVA/
NSM/Semicond/. We plot the energies of these localized lev-
els with an energy uncertainty of 60.1 eV since they were
measured by different experimental methods and in materials
FIG. 10. Bandgap energy obtained by fitting the absorption coefficient with
the valence band anticrossing for GaN1xSbx films grown under N-rich con-
ditions at a temperature range of 80–470 C. Bandgap energies for GaSb-
rich alloys with up to 1% of N were taken from Jefferson et al.22 The dashed
line shows the interpolated bandgap calculated according to the BAC model.
The BAC calculated CBM and VBM (Eþ) as a function GaSb mole fraction
are shown in the inset with the Redox levels for pH¼ 2 indicated as dashed
lines.
FIG. 11. A schematic diagram of the band offsets of GaN, GaAs, and GaSb
with the locations of EAs in GaN, ESb in GaAs and GaN, and EN in GaSb
obtained from various references as mentioned in this manuscript.
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grown under different conditions. The location of EAs in
GaN is taken from the PL results9 and the BAC fitting of the
absorption edge,11 while ESb in GaN is adopted from the
BAC fitting of the bandgap in dilute GaSbxAs1x alloys.
13
The 2.2 eV luminescence we observed in our samples is very
close to the energy separation between the conduction band
to the ESb (2.3 eV assuming ESb¼ 1.1 eV). Hence, this
2.2 eV luminescence peak may indeed be associated with
optical transitions between CBM of GaN and ESb.
IV. CONCLUSION
We have carried out a systematic study on GaN1xSbx
highly mismatched alloys grown by low temperature MBE.
The effects of growth temperature, Ga flux, and Sb flux on
the incorporation of Sb, film structure, and optical properties
of the alloys are investigated. We found that at the growth
temperature of 80 C and x> 6%, GaN1xSbx becomes pri-
marily amorphous with small crystallites of 2–5 nm. The Sb
content in the GaN1xSbx film for a given Sb flux is rather
insensitive to the growth temperature at a growth tempera-
ture below 400 C. Despite the range of microstructures
found for GaN1xSbx alloys with different composition, a
well-developed absorption edge shifts from 3.4 eV (GaN) to
close to 2 eV for samples with a small amount of Sb (<5
at.%). Luminescence from dilute GaN1xSbx alloys grown
at high temperature, and the bandgap energies for alloys with
higher Sb contents are consistent with a ESb level at 1.1 eV
above the valence band of GaN. Our work demonstrates that
a large range of direct bandgap energies from 3.4 eV to
below 1.0 eV can be achieved for GaN1xSbx HMAs grown
at low temperature.
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